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Electrochemical  properties  and  porous-structure-dependent  capacitive  ability  of  commercial  carbon 
blacks,  Black  Pearls  2000®  (BP)  and  Vulcan®  XC  72R  (XC),  were  investigated  in  H2S04  solution  by  cyclic 
voltammetry  (CV)  and  electrochemical  impedance  spectroscopy  (EIS).  The  capacitance  in-depth  profile  is 
correlated  to  microscopic  appearance  of  carbon  blacks  in  the  form  of  a  thin  layer  applied  over  Au  substrate 
from  water  suspensions  of  BP  and  XC.  The  capacitance  calculated  from  voltammetric  charge  was  found 
to  depend  on  the  sweep  rate,  due  to  porosity  of  investigated  materials.  Impedance  (EIS)  characteristics 
upon  frequency-dependent  charge/discharge  process  indicate  transmission  line  electric  behavior  of  BP 
and  XC.  Capacitance  and  resistance  values  obtained  by  simulations  of  EIS  data,  enabled  estimation  of 
capacitance  and  resistance  profile  throughout  carbon  black  porous  electrodes.  Capacitance  of  BP  carbon 
layer  increases  going  from  the  outer  surface  towards  the  bulk  of  the  layer.  External  capacitance  originates 
from  capacitive  characteristics  of  the  macroscopic  surface  consisting  of  relatively  large  agglomerates, 
while  internal  capacitance  originates  from  “inner”  surface  of  micro-porous  agglomerates.  Contrary  to  BP, 
opposite  distribution  of  the  total  capacitance  to  external  and  internal  part  was  found  for  XC,  caused  by  its 
loose  structure  and  considerably  lower  real  surface  area  in  comparison  to  BP.  The  XC  morphology  makes 
additionally  the  pseudocapacitive  contribution  of  surface  functionalities  more  pronounced,  which  indi¬ 
rectly  shifts  also  the  “internal”  double-layer  capacitive  response  to  higher  frequencies  through  the  effect 
of  increased  wettability  of  the  layer.  Thus,  the  capacitance  of  XC  surface  directly  exposed  to  the  electrolyte 
is  larger  than  that  of  the  inner  one,  which  makes  it  a  “fully-utilized”  capacitor,  while  increased  capacitive 
performance  of  BP  emerges  only  at  very  low  frequencies  of  charging/discharging  process. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  supercapacitors  (ECS)  have  been  investigated 
over  many  years  due  to  their  energy  and  power  density  capabilities 
bridging  the  gap  between  batteries  and  classical  electric  capaci¬ 
tors  [1,2].  Energy  storage  mechanism  of  ECS  arises  not  only  from 
charging  of  electrochemical  double  layer  (EDL  supercapacitors)  at 
the  electrode/electrolyte  interface,  which  is  the  dominant  charging 
mechanism  of  high  surface  area  carbons  [3],  but  also  from  pseudo¬ 
capacitance  involving  reversible  Faradaic  charge  transfer  reactions 
(conductive  polymers,  noble  metal  oxides  and  partially  carbons) 
[1  ].  For  this  reason,  wide  variety  of  carbon-based  materials  [4],  like 
carbon  blacks  [5-8],  carbon  fibres  [9-11],  cloths  [12]  and  nanotubes 
[13,14],  as  well  as  glassy  carbon  [15],  have  attracted  attention  due 
to  the  ease  of  nano-technology  processing  that  leads  to  high  sur¬ 
face  area,  high  porosity  and  consequently,  to  high  power  density 
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[3,16-18,14,19-21  ].  Additionally,  due  to  affinity  to  form  composites, 
carbon  materials  are  extensively  investigated  as  catalyst  support 
[22-30]. 

Specific  capacitances  larger  than  300  F  g-1  can  be  achieved  with 
carbon  black  materials  of  highly  developed  surface  (>1000  m2  g-1 ) 
and  15-nm  particles  grouped  in  up  to  200-nm  sized  agglomer¬ 
ates  [6,31,32].  The  porous  structure  of  these  materials  may  include 
micro-  (<2  nm),  meso-  (between  2  and  50  nm),  and  macro-pores 
(>50  nm),  which  act  differently  as  supplier  of  the  electrolyte  to  the 
inner  surface  of  porous  material  [6,21].  This  part  of  the  surface  is 
hardly  accessible  and  its  contribution  to  the  capacitive  response  is 
limited  by  the  type  of  electrolyte  used  [19,20,33-37].  In  addition, 
electroactive  functionalities  at  the  carbon  surface  also  contribute  to 
overall  capacitive  performance  with  their  pseudocapacitance  asso¬ 
ciated  with  redox  processes  [33,38]. 

In  composite  materials,  high  surface  area  carbons  improve  the 
pseudocapacitive  charge/discharge  behavior  of  noble  metal  oxides, 
such  as  Ru02  [39,40].  The  role  of  carbon  in  the  composite  is  to  dis¬ 
perse  oxide  material,  which  enhances  oxide  capacitive  utilization. 
It  was  found  that  morphology,  chemical  properties  and  capacitive 
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characteristics  of  the  composite  materials  are  influenced  by  the 
structure  of  carbon  blacks  [39-47]. 

From  these  considerations,  it  appears  as  crucial  a  detailed  under¬ 
standing  of  the  electrochemical  performance  of  commercial  carbon 
blacks  as  the  support  of  electrocatalysts  and  pseudocapacitive 
materials,  in  connection  to  desired  activity  and/or  energy-power 
density  relationship.  Qu  and  Shi  [33]  investigated  capacitive  per¬ 
formance  of  variety  of  high-surface-area  carbon  blacks  in  the  form 
of  a  sheet.  They  found  excellent  correlation  between  transmission¬ 
line  ac  behavior  and  BET  pore  distribution  characteristics.  However, 
no  significant  difference  in  RC  distribution  between  various  carbon 
blacks  was  found  since  for  all  of  them  surface  areas  were  rather  high 
(above  1200  m2  g-1).  On  the  other  hand,  specific  capacitances  did 
not  exceed  100  Fg-1  which  indicates  that  rather  large  amount  of 
internal  surface  remained  inaccessible  during  ac  charge/discharge 
experiments.  Similar  result  was  also  reported  by  Raimondi  et  al. 
[48].  However,  the  influence  of  carbon  morphology  on  the  number 
of  elements  in  the  transmission-line  model  is  usually  neglected 
(due  to  rather  high  real  surface  area)  [20,33,38,49,50].  Also,  it  is 
not  clear  how  the  different  contribution  of  surface  functionalities 
influences  the  constitution  of  equivalent  electrical  circuit,  while  it  is 
straightforwardly  depicted  that  gathering  of  primary  particles  into 
agglomerates  can  affect  the  capacitive  performance  of  the  material. 

Having  in  mind  above  considerations,  capacitive  response  of  as- 
received  commercial  carbon  blacks,  Black  Pearls®  2000  (BP)  and 
Vulcan®  XC-72R  (XC),  were  investigated  in  the  form  of  a  thin  layer 
in  this  work.  The  thin  layers  are  expected  to  show  an  enhance¬ 
ment  of  electrolyte  accessibility  to  the  internal  surface  of  the  layer, 
thus  giving  a  real  picture  of  capacitive  performance  during  a  real¬ 
time  power  demands.  Electric  equivalents  of  thin  layers,  according 
to  ac  impedance  measurements  in  H2S04  solution,  are  discussed 
in  correlation  to  morphology  and  cyclic  voltammetry  behavior. 
The  results  are  expected  to  help  in  estimation  of  capacitance  and 
resistance  profile  across  carbon  black  porous  electrodes  from  the 
standpoint  of  desired  application  as  catalyst  support,  power  sup¬ 
pliers  and  memory  backups. 


2.  Experimental 

The  carbon  blacks  investigated,  BP  and  XC,  both  from  CABOT 
Corporation,  Canada,  were  used  as  received.  According  to  the  liter¬ 
ature  data  BP  and  XC  carbons  expose  BET  surface  areas  of  1475  and 
248  m2  g-1,  respectively  [4]. 

The  working  electrodes  were  formed  from  BP  and  XC  water 
suspensions  onto  Au  and  glassy  carbon  substrates  as  current  con¬ 
nectors,  in  the  form  of  rotating  disk  electrode.  However,  it  was 
registered  that  the  material  of  the  substrate  does  not  affect  capac¬ 
itive  properties  of  subsequently  formed  BP  and  XC  layers.  This 
was  also  observed  in  previous  works  [32,46,47]  when  differently 
prepared  C/Ru02  composites  were  electrochemically  investigated. 
Hence,  the  type  of  the  substrate  will  not  be  explicitly  denoted  in 
forthcoming  text. 

The  layers  were  formed  by  pipetting  the  ultrasonically  homog¬ 
enized  aqueous  suspension  of  carbon  black  (3  mg  cm-3),  in  the 
quantity  of  30  pi  cm-2,  onto  the  rotating  disk  substrates.  The 
applied  suspensions  were  left  to  dry  in  the  air  at  room  tempera¬ 
ture.  In  order  to  preserve  the  dried  carbon  black  layer  from  being 
detached  in  contact  with  electrolyte,  it  was  covered  with  a  thin 
Nation®  layer.  The  10:1  (v/v)  mixtures  of  18  water  and  com¬ 
mercial  Nation®  solution  (in  ethanol,  5%  mass,  1100  E.W.,  Aldrich) 
were  applied  in  the  quantity  of  30  pi  cm-2.  The  electrode  assembly 
was  air-dried  again  for  about  12  h. 

Cyclic  voltammetry  (CV)  measurements  were  performed  in 
0.5  mol  dm-3  H2S04,  at  room  temperature  in  a  three-compartment 


E/Vvs.  SCE 

Fig.  1.  Influence  of  the  potential  limits  on  the  CV  characteristics  of  BP  carbon  black 
in  0.50  mol  dm-3  H2SO4:  (a)  non-deaerated  and  (b)  deaerated  solution.  Scan  rate: 
20mVs-1. 

cell  equipped  with  Pt-mesh  counter  electrode  and  saturated 
calomel  electrode  (SCE)  as  the  reference  electrode.  The  cyclic 
voltammetry  experiments  were  performed  using  a  PAR  Model  273 
potentiostat  and  Philips  Model  8033  X-Y  recorder. 

Electrochemical  impedance  spectroscopy  (EIS)  experiments 
were  performed  in  0.5  mol  dm-3  H2S04  around  the  potential  of 
0.55  V,  in  the  0.50  mol  dm-3  H2S04.  The  working  potential  was 
chosen  according  to  detailed  CV  measurements  that  indicate 
Instrumentation  involved  GAMRY®  Instruments  Femtostat,  model 
FAS32,  guided  by  Gamry  Framework®  software.  The  working  elec¬ 
trode  responded  to  the  potential  input  sinusoidal  signal  of  ±10  mV 
(rms)  amplitude.  Experimental  EIS  data  were  fitted  by  ZView®  soft¬ 
ware  [51]. 

Experiments  were  conducted  at  room  temperature  (20-25  °C). 
All  the  reagents  used  were  of  p.a.  grade,  and  the  solutions  were 
prepared  with  18  MC2  water.  The  electrolytes  were  purged  with 
nitrogen  before  every  experiment,  if  not  stated  differently. 

Surface  morphology  of  the  electrodes  was  examined  by  scan¬ 
ning  electron  microscopy  (SEM)  using  JEOL  microscope,  model 
JSMT20  (Uw  =  20  kV). 

3.  Results  and  discussion 

3.1  CV  potential  window  of  carbon  black  cycling  stability 

Cyclic  voltammetry  behavior  of  prepared  BP  thin  layer  in  H2S04 
solution  is  demonstrated  in  Fig.  1.  The  influence  of  the  successive 
extension  of  cycling  limits  towards  potential  window  of  electrolyte 
and/or  carbon  stability  on  the  shape  of  voltammetric  curve  in  non- 
deaerated  solution  is  shown  in  Fig.  la,  while  Fig.  lb  shows  the 
influence  of  the  successive  extension  of  anodic  cycling  limit  up  to 
the  onset  of  oxygen  evolution  in  deaerated  solution. 

The  CV  shape  and  voltammetric  currents  do  not  change  upon 
cycling  in  the  potential  range  between  0  and  0.50V  (Fig.  la). 
Rectangle-like  shape  of  CV  implies  that  BP  carbon  black,  in  this 
potential  range,  behaves  like  double-layer  capacitor.  If  lower  cycling 
limit  is  set  to  -0.20  V  and  upper  to  0.70  V  in  subsequent  scan 
(Fig.  1  a),  broad  current  peak  appears  in  the  cathodic  part  of  the  first 
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cycle  at  the  potential  of— 0.15  V,  while  the  anodic  currents  start  to 
increase  at  about  0.60  V.  Also,  voltammetric  currents  are  larger  than 
those  obtained  upon  potential  cycling  in  the  double-layer  region 
(from  0  to  0.50  V).  Intensity  of  the  broad  cathodic  peak  decreases 
with  cycling,  and  almost  disappears  after  the  fifth  cycle  (dashed  line 
in  Fig.  la).  The  increase  in  anodic  currents,  seen  in  first  cycle  in  the 
potential  range  from  0.60  to  0.70  V,  becomes  less  pronounced  after 
the  fifth  cycle.  However,  the  cathodic  current  peak  at— 0.15  V  can  be 
completely  recovered  if  the  electrode  is  subjected  to  the  rotation 
(not  shown).  In  addition,  this  peak  was  not  detected  in  deaerated 
solution  (Fig.  lb).  These  observations  suggest  that  cathodic  cur¬ 
rent  peak  at— 0.15  V  can  be  attributed  to  the  reduction  of  dissolved 
oxygen. 

When  cycling  limits  shift  to  -0.40  and  0.85  V  after  oxygen 
exhaustion  from  the  near-electrode  layer  by  cathodic  reduction 
(five  cycles  in  the  range  -0.20-0.70  V),  anodic  currents  still  increase 
in  the  potential  range  from  0.60  to  0.85  V,  while  cathodic  cur¬ 
rents  increase  from  the  potential  of  about  -0.20  V  (Fig.  la),  which 
corresponds  to  the  onset  of  hydrogen  evolution  [52].  Overall 
voltammetric  currents  are  higher  in  comparison  to  those  registered 
in  narrower  potential  ranges,  with  additional  modest  appearance 
of  a  broad  reversible  current  peak  near  the  potential  of  about  0.30  V. 
Maruyama  and  Abe  [53]  registered  redox  current  peaks  at  potential 
of  about  0.60  VRhe  before  and  after  the  anodic  activation  of  glassy 
carbon,  which  they  assigned  to  quinone/hydroquinone  (Q/H2Q) 
redox  couple.  Appearance  and  intensification  of  the  Q/H2Q  redox 
couple  upon  anodic  activation  of  carbon  black  electrode  materials  is 
the  consequence  of  continuous  formation  quinonic  surface  groups 
[53,54-56].  Thus,  the  modest  appearance  of  redox  couple  upon 
cycling  in  the  potential  range  from  -0.40  to  0.85  V  (Fig.  la),  can 
be  assigned  to  the  quinonic  groups  formed  at  the  surface  of  carbon 
particles  during  anodic  excursions  above  0.60  V.  It  should  be  men¬ 
tioned  here  that  Q/H2Q redox  couple  is  poorly  pronounced  (Fig.  1  a) 
if  compared  to  that  obtained  with  anodic  activation  of  glassy  car¬ 
bon  (GC)  [25]  due  to  short  potentiodynamic  activation  at  moderate 
anodic  potentials.  Additionally,  BP  real  surface  area  is  consider¬ 
ably  larger,  hence  non-Faradaic  double-layer  charging/discharging 
currents  are  much  larger  in  comparison  to  that  of  Q/H2Q  redox 
transition. 

If  anodic  cycling  limit  is  set  to  0.90  V,  Q/H2Q  redox  transition 
becomes  more  pronounced  (Fig.  lb).  Additional  extension  of  the 
anodic  cycling  limit  up  to  the  1.0  V  leads  to  more  pronounced 
increase  of  the  cathodic  current  peak  than  the  anodic  one  (Fig.  lb). 
Anodic  voltammetric  currents  in  the  potential  range  from  0.80  to 
1.0  V  decrease  upon  cycling,  while  intensity  of  the  cathodic  cur¬ 
rent  peak  does  not  change  (dashed  line,  Fig.  lb).  This  suggests  that 
some  irreversible  reduction  process  may  take  place  after  anodic 
activation  up  to  1.0  V.  Sullivan  et  al.  [54]  found  that  carbonyl  and 
carboxyl  groups  are  formed  during  anodic  activation  and  reduced 
in  the  subsequent  cathodic  potential  scan. 

If  the  potential  hold  is  performed  at  the  anodic  cycling  limit  of 
1.0  V,  the  subsequent  cathodic  scan  reveals  intensification  of  the 
cathodic  current  (dotted  line,  Fig.  lb).  In  the  next  scan  cycle  (not 
shown),  intensity  of  the  hold-induced  peak  subsides  to  the  value 
obtained  during  the  cycling  before  the  potential  hold.  Therefore, 
anodic  voltammetric  currents  in  the  potential  range  from  0.80  to 
1.0  V  comprise  those  related  to  the  formation  of  oxygen-containing 
surface  groups,  which  reduction  is  registered  at  the  potential  of 
about  0.15  V. 

3.2.  Sweep  rate-dependent  voltammetric  features  of  BP  and  XC 

Cyclic  voltammograms  of  BP  thin-layer  electrode,  obtained  in 
deaerated  H2S04  solution  at  different  potential  sweep  rates,  are 
shown  in  Fig.  2a.  Q/H2Q  redox  couple  is  most  pronounced  at  the 


E/V  vs.  SCE 

Fig.  2.  Cyclic  voltammograms  of  (a)  BP  and  (b)  XC  carbon  black  thin-layer  electrode 
in  deaerated  0.50  mol  dm-3  H2SO4  at  different  sweep  rates. 


lowest  sweep  rate  of  5mVs_1.  This  redox  transition  is  less  pro¬ 
nounced  at  higher  sweep  rates  since  non-Faradaic  double-layer 
charging/discharging  current  increases  with  sweep  rate.  Also,  the 
irreversible  cathodic  peak  can  be  seen  at  about  -0.05  V,  and  only 
at  the  lowest  sweep  rate,  which  is  related  to  reduction  of  surface 
oxygen-containing  groups.  At  higher  sweep  rates  this  current  peak 
is  absent,  due  to  insufficient  duration  of  anodic  activation  and  partly 
because  it  is  overcome  by  double-layer  discharging  currents. 
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Table  1 

The  values  of  characteristic  specific  capacitances  of  BP  and  XC  carbon  blacks 


Capacitance  (Fg-1) 

Electrode 

BP 

XC 

CT 

310 

27 

Cs 

43 

16 

Cu 

267 

11 

Similar  CV  characteristics  at  different  sweep  rates  in  deaerated 
H2SO4  solution  are  registered  for  XC  thin-layer  electrode.  These  are 
shown  in  Fig.  2b.  Q/H2Q  redox  couple  is  observed  around  0.30  V, 
while  cathodic  irreversible  current  peak  appears  at  -0.05  V,  as  in 
the  case  of  BP.  Contrary  to  BP,  the  cathodic  current  peak  may  be  seen 
even  at  high  sweep  rates.  However,  currents  are  ten-fold  lower  for 
XC  electrode.  These  differences  between  XC  and  BP  electrode  are 
result  of  significantly  lower  real  surface  of  the  XC  electrode. 

As  expected  for  porous  media  [57],  charge  spent  for  voltam- 
metric  charging/discharging  process  at  carbon  black  thin-layer 
electrodes  was  found  to  depend  on  the  sweep  rate,  v.  Dependence 
of  voltammetric  charge,  as  well  as  of  the  capacitance,  C,  on  v  is 
commonly  explained  by  the  existence  of  hardly  accessible  internal 
surface  within  the  porous  medium.  An  increase  in  v  causes  internal 
surface  to  be  more  and  more  excluded  from  charging/discharging. 
Ardizzone  et  al.  [57]  showed  that  dependence  of  capacitance  on  the 
sweep  rate  can  be  expressed  by  following  equations: 

C  =  CS  +  -^  (1) 

•Jv 

and 

I  =  (2) 

where  C  stands  for  the  capacitance  at  sweep  rate,  v,  while  k  and 
l<!  are  constants.  Capacitance  Cs  is  the  capacitance  of  external  sur¬ 
face,  which  is  directly  exposed  to  the  electrolyte,  while  Cj  is  total 
capacitance  of  the  porous  layer.  Assuming  that  Eqs.  (1)  and  (2)  lead 
to: 

C^CS  ifv^oo  (3) 

and 

i  ->•  T  if  V  ->  0  (4) 

L  CT 

total  and  external  surface  capacitances,  CT  and  Cs,  could  be  esti¬ 
mated  by  extrapolation  of  linear  C  vs.  v-1/2  and  C  vs.  v1/2  to  zero, 
i.e.,  to  infinite  and  zero  sweep  rates,  respectively.  The  difference 
between  CT  and  Cs  corresponds  to  the  capacitance  of  internal  sur¬ 
face  of  the  porous  layer,  Cy: 

Cu  =  CT  -  Cs  (5) 

The  values  of  characteristic  specific  capacitances  expressed  per 
unit  mass  of  the  porous  layer,  determined  from  cyclic  voltammo- 
grams  and  Eqs.  (1-5),  are  shown  in  Table  1.  Taking  into  account 
literature  data  for  BET  specific  surface  area  of  the  BP  and  XC  carbon 
blacks  and  obtained  value  for  total  capacitance  CT,  capacitances 
of  BP  and  XC  normalized  to  the  unit  surface  area  are  21  and 

II  jjlF  cm-2,  respectively.  These  values  are  in  good  agreement  with 
literature  data  (10-30  pi7 cm-2)  [4]. 

Hence,  Cj  value  corresponds  to  complete  utilization  of  the  total 
real  surface  of  carbon  electrodes.  In  the  case  of  BP  carbon,  almost 
90%  of  total  specific  capacitance  originates  from  participation  of 
the  internal  surface,  which  contributes  only  in  moderate  to  slow 
charging/discharging  process.  This  specific  electric  behavior  of  BP 
can  be  connected  to  its  morphology. 


Typical  SEM  appearances  of  the  surface  of  BP  and  XC  thin 
layers,  obtained  after  evaporation  of  the  dispersing  medium,  are 
shown  in  Fig.  3.  BP  carbon  microstructure  is  characterized  by  ran¬ 
domly  distributed  agglomerates  of  irregular  shape  and  different 
sizes,  from  10  to  60  pm  (Fig.  3a).  Crater-like  holes  with  diame¬ 
ter  of  about  30  pm,  which  can  be  denoted  as  macro-pores,  are 
seen.  Typical  appearance  of  an  agglomerate  surface,  shown  in 
Fig.  3b,  implies  that  agglomerates  consist  of  uniform  porous  particle 
matrix,  with  sporadic  presence  of  smaller  agglomerates  (0.5-1  pm) 
of  blinded  particles.  The  pores  of  the  matrix  are  uniformly  sized 
and  distributed,  do  not  exceeding  150  nm  (micropores),  which  is  in 
agreement  with  literature  data  [4,58]. 

Having  in  mind  morphology  of  BP  carbon  layer  (Fig.  3a  and  b) 
it  can  be  concluded  that  capacitance  Cs  originates  from  capaci¬ 
tive  characteristics  of  the  microscopic  surface  (Fig.  3a)  consisting  of 
large  agglomerates,  while  capacitance  Cu  originates  from  internal 
surface  of  micro-porous  agglomerates  and  particle  matrix  (Fig.  3b). 

Contrary  to  BP  carbon,  XC  carbon  electrodes  exhibit  opposite 
distribution  of  total  capacitance  to  external  and  internal  part  of  the 
surface.  The  fact  that,  in  this  case  outer  surface  capacitance  is  larger 
than  inner  capacitance  can  be  explained  by  the  morphology  of  XC 
layer  (Fig.  3c). 

SEM  microphotograph  of  the  surface  of  XC  thin  layer  obtained  at 
the  angle  of  incidence  of  30°,  which  is  shown  in  Fig.  3c,  reveals  loose 
structure,  with  no  clearly  defined  grains  or  agglomerates.  Presence 
of  large  number  of  pores  of  different  shapes  and  dimensions  points 
to  considerably  less  compact  structure  comparing  to  BP  carbon.  This 
morphology  and  low  bulk  density  of  XC  can  facilitate  the  electrolyte 
accessibility  to  the  internal  surface. 

3.3.  Electrochemical  impedance  spectroscopy 

Complex  plane  admittance  plots  for  BP  and  XC  carbon  black 
electrodes,  obtained  in  H2SO4  solution  at  the  potential  of  0.55  V, 
are  shown  in  Fig.  4.  Overlapped  capacitive  semicircles  are  seen  for 
both  BP  and  XC  electrodes,  but  with  more  pronounced  overlapping 
in  the  case  of  the  BP  carbon  electrode.  Appearance  of  capacitive 
semicircles  is  a  typical  indication  that  system  investigated  is  elec¬ 
trically  equivalent  to  a  network  of  frequency-dependent  resistor 
and  capacitor  in  series,  which  points  to  capacitance  distribution 
across  the  porous  layer  according  to  De  Levie  model  [1  ].  Apart  from 
differences  in  impedance  values,  a  main  dissimilarity  in  the  shape 
of  the  admittance  plots  for  BP  and  XC  electrodes  is  obtained  in  the 
low-frequency  range  (below  10  Hz).  While  real  admittance  compo¬ 
nent  of  BP  decreases  with  decreasing  frequency,  with  the  diagram 
tending  to  imaginary  axis,  the  real  as  well  as  imaginary  admittance 
component  of  XC  increase  with  decreasing  frequency.  These  admit¬ 
tance  characteristics  of  XC  can  be  related  to  resistor  and  capacitor 
in  parallel. 

The  shape  of  admittance  plot  for  XC  at  low  frequencies  changes 
with  increasing  number  of  charging/discharging  cycles  in  the 
potential  range  from  -0.20  to  0.85  V,  while  successive  charg¬ 
ing/discharging  does  not  affect  admittance  characteristics  of  BP 
carbon.  These  changes  at  low  frequencies  are  seen  as  somewhat 
slower  increase  in  admittance  than  that  shown  in  Fig.  4.  This 
indicates  that  resistance  of  a  resistor  in  parallel  connection  to 
a  transmission  line  capacitive  distribution,  which  can  respond 
like  XC  at  low  frequencies,  decreases  during  successive  charg¬ 
ing/discharging.  Recalling  pronounced  appearance  of  current  peaks 
for  couple  on  the  voltammograms  of  XC  at  the  potential  around 
0.30  V  (Fig.  2),  resistor  in  parallel  can  be  attributed  to  the  charge 
transfer  resistance  of  Q/H2Q  redox  transition.  Successive  charg¬ 
ing/discharging  of  a  carbon  enhances  the  formation  of  surface 
quinonic  groups  [55],  which  produces  intensification  of  Q/H2Q 
redox  transition  current  response  [53].  Consequently,  associated 


190 


V.V.  Panic  et  al.  /  Journal  of  Power  Sources  181  (2008)  186-192 


Fig.  3.  SEM  microphotographs  of  the  surface  of  thin  layers  of  BP  (a  and  b)  and  XC  (c)  carbon  blacks. 


charge  transfer  resistance  should  decrease  with  prolonged  charg¬ 
ing/discharging. 

Having  in  mind  these  qualitative  considerations  of  EIS  behavior 
of  BP  and  XC  electrodes,  simulation  of  registered  impedance  data 
by  equivalent  electrical  circuits  based  on  transmission  line  model 
[1]  appeared  reasonable.  The  equivalent  electrical  circuits  which 
gave  the  best  fitting  results  (chi-squared  based  on  modulus  calcu¬ 
lated  was  below  0.001,  while  relative  error  of  the  parameter  values 
of  the  elements  did  not  exceed  20%)  are  schematically  presented 
in  Fig.  5,  while  their  EIS  responses  are  given  by  lines  in  Fig.  4.  A 
transmission  line  circuit  of  the  fifth  order  (i.e.,  circuit  consists  of 
five  transmission  branches,  Fig.  5a)  describes  best  the  EIS  behavior 
of  BP.  For  XC,  simulation  with  third-order  transmission  line  in  par¬ 
allel  to  charge  transfer  resistance  of  Q/H2Q  redox  transition,  Rpn, 
gave  the  best  agreement  with  experimental  data  (Fig.  5b).  Beside 
the  appearance  of  the  charge  transfer  resistance  in  the  case  of  XC, 
the  main  difference  in  electrical  equivalents  of  BP  and  XC  lies  in  the 
number  of  branches  representing  the  capacitance  distribution.  This 
difference  is  in  close  connection  to  the  morphology  of  investigated 
carbon  blacks. 

Transmission  line  circuit  describes  impedance  characteristics  of 
a  porous  layer  having  the  pores  of  characteristic  morphology,  with 
distributed  RC  time  constants  as  a  measure  of  accessibility  of  differ¬ 
ent  parts  of  internal  surface  of  a  layer.  Circuits  from  Fig.  5  include 
electrolyte  ohmic  resistance  in  the  near-electrode  layer,  Rq,  and 
pore  resistances,  Rp<n  (n  =  1,  2,  . . .),  related  to  electrolyte  conduc¬ 
tivity  in  the  pores.  Number  of  resistors  related  to  pore  resistance, 


Fig.  4.  Admittance  complex  plane  plots  of  BP  and  XC  carbon  black  electrodes  regis¬ 
tered  at  the  potential  of  0.55  VSce  in  0.50  mol  dm-3  H2S04.  Fitting  results  are  given 
by  lines. 
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RPtn,  in  n  transmission  branches  depends  on  a  layer  morphology 
(cross  section  geometry,  equivalent  diameter,  length  and  pore  tor¬ 
tuosity).  Capacitance  of  the  internal  surface,  available  through  the 
pore  resistances,  are  represented  by  a  network  of  capacitors  of  the 
capacitances  Cu,n*  or  by  constant  phase  elements,  CPEU)n- 

For  the  transmission  line  circuit  with  (n  —  1 )  branches  contain¬ 
ing  Rp  i  and  Q  in  series  and  Rp<n  and  CPEn  in  nth  branch,  it  can  be 
assumed  that  the  corresponding  capacitance  is  influenced  by  all 
preceding  resistances  [59]: 

x — yn  (1-a) 

Cn  =  (YoARC2  +  Ysi=,R  P’1')  }  (6) 

The  physical  implication  of  the  Eq.  (6)  is  that  the  capacitance  of 
the  inner  coating  surface  at  defined  distance  l  from  external  surface 
is  electrically  accessible  only  through  the  cumulative  electrolyte 
resistance  in  the  near-electrode  layer,  Rq,  and  in  the  pores  of  a  layer 
with  the  depth  l, 

In  the  case  of  the  BP  carbon,  constant  phase  element  appears 
only  in  the  last  transmission  branch  (CPEUt  Fig.  5a).  This  implies  that 
element  stands  as  measure  of  dimensionality  of  the  entire  internal 
surface. 

Structures  of  applied  equivalent  circuits,  as  well  as  capacitance 
and  resistance  values  obtained  by  fitting  the  experimental  EIS  data 
to  the  circuits,  which  are  supported  by  the  results  obtained  by 
SEM  and  CV  measurements,  enabled  estimation  of  capacitance  and 
resistance  profile  throughout  carbon  black  porous  electrodes,  as 
shown  in  Fig.  6. 

Starting  from  the  external  surface,  directly  exposed  to  the  elec¬ 
trolyte,  (1  st  branch,  n  =  1 )  towards  interior  of  the  BP  electrode  layer, 
the  increase  in  capacitance  for  a  two  order  of  magnitude  is  obtained, 
which  is  associated  with  negligible  increase  in  the  pore  resis¬ 
tance  (down  to  3rd  branch,  n  =  3).  However,  it  should  be  noted  that 
capacitance  in  3rd  branch  is  accessible  through  Ym=irpA'  which  is 
about  three-fold  higher  than  the  resistances  in  each  branch.  Con¬ 
sidering  BP  layer  morphology,  (Fig.  3a)  it  can  be  envisaged  that 
capacitance  increases  due  to  the  increasing  contribution  of  the 
part  of  internal  surface,  available  to  the  electrolyte  through  about 
30  |jim  wide  macro-pores,  as  frequency  decreases.  In  the  certain 
frequency  range,  which  corresponds  to  time  constants  of  3rd  and 
4th  transmission  branches,  capacitance  values  are  similar,  but  pore 
resistance  starts  to  increase  noticeably.  Since  capacitors  are  con¬ 
nected  in  parallel  (Fig.  5a),  the  layer  capacitance  in  this  frequency 
range  can  be  calculated  as  the  sum  of  capacitances  in  all  preceding 
circuit  branches.  This  summation  down  to  fourth  branch  gives  the 
value  of  48  F  g_1  for  BP,  which  agrees  with  the  value  for  outer  capac¬ 
itance,  C0,  obtained  by  cyclic  voltammetry  (Table  1).  It  appears 
that  electrolyte  easily  reaches  those  parts  of  the  internal  surface 


Rpn 


Fig.  5.  The  most  suitable  equivalent  electrical  circuits  used  to  simulate  EIS  data  of 
BP  (a)  and  XC  (b)  carbon  black  electrodes  from  Fig.  4. 


Fig.  6.  Capacitance  and  pore  resistance  distribution  throughout  the  porous  layer  of 
BP  (a)  and  XC  (b)  carbon  black  electrodes. 


which  are  available  through  macro-pores,  i.e.,  space  between  large 
agglomerates  observed  in  Fig.  3a. 

Near  five-fold  increase  in  capacitance  as  well  as  pore  resistance 
is  registered  at  sufficiently  low  frequencies,  which  correspond  to 
the  time  constant  of  the  5th  transmission  branch.  This  branch  can  be 
associated  to  the  parts  of  internal  surface  comprising  micro-pores, 
i.e.,  micro-porous  structure  of  the  agglomerates  (Fig.  3b).  Total 
capacitance  of  the  layer  equals  175  F  g-1 ,  which  is  nearly  two  times 
lower  value  than  that  obtained  by  cyclic  voltammetry  (Table  1 ). 
Having  in  mind  that  total  capacitance  from  Table  1  is  obtained 
under  hypothetical  condition  at  zero  CV  charging/discharging  rate 
(v  ->  0),  which,  however,  corresponds  to  the  BET  surface  area  of  BP, 
it  follows  from  CV  and  EIS  analysis  that  almost  half  of  the  BP  thin 
layer  is  virtually  inaccessible  to  the  electrolyte. 

Contrary  to  BP  electrode  capacitive  in-depth  profile,  XC  carbon 
capacitance  was  registered  to  decrease  at  moderate  frequencies 
(down  to  n  =  2)  going  from  the  external  surface  towards  the  bulk 
of  the  layer,  with  corresponding  increase  in  pore  resistance  of  two 
orders  of  magnitude  (Fig.  6b).  Remarkable  increase  in  capacitance 
is  noticed  at  very  low  frequencies,  associated  with  the  relaxed 
increase  in  pore  resistance.  It  appears  that  capacitive  response  of  XC 
internal  surface,  available  through  constricted  and  branched  pores 
of  loose  XC  layer  (Fig.  3c),  expresses  in  this  low-frequency  domain. 

Remarkably  higher  pore  resistance  as  well  as  the  decrease  in 
capacitance  going  from  external  towards  the  interior  of  the  layer 
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(2nd  branch)  of  XC  in  comparison  to  BP  carbon  could  be  explained 
by  visually  observed  poor  wetting  of  XC  layer  by  electrolyte.  Sim¬ 
ilar  capacitance  distribution  to  external  and  internal  surface  was 
also  obtained  from  cyclic  voltammetry  (Table  1 ).  The  capacitance 
of  external  surface  is  larger  than  internal,  similarly  to  EIS  data  for 
the  first  and  second  transmission  line  (Fig.  6b).  Total  capacitance  of 
XC,  immediately  after  electrode  immersion,  is  calculated  by  sum¬ 
mation  to  be  32.6  Fg_1,  the  value  which  is  in  agreement  with  that 
obtained  by  cyclic  voltammetry.  However,  after  successive  charg¬ 
ing/discharging  cycles,  total  capacitance  of  the  layer  increases  to 
39.9  Fg_1.  This  can  be  explained  by  the  continuous  decrease  in 
hydrophobicity  of  XC  layer,  as  the  consequence  of  carbon  acti¬ 
vation  by  formation  of  surface  oxygen-containing  groups  during 
prolonged  charging/discharging  [52]. 

The  similarity  of  CV  and  EIS  data  for  XC  capacitance  profile  indi¬ 
cate  that  this  low-surface-area  carbon  can  be  nearly  completely 
utilized  during  slow  charging/discharging  processes. 

4.  Conclusion 

Capacitance  distribution  throughout  the  porous  thin  layer  elec¬ 
trodes  of  carbon  blacks  depend  on  their  morphology  and  real 
surface  area.  Capacitance  of  a  layer  of  high-surface-area  carbon 
Black  Pearls  2000®  increases  going  from  the  external  surface 
towards  the  bulk  of  the  layer.  This  increase  is  associated  with  neg¬ 
ligible  increase  in  pore  resistance  of  the  layer.  Considerably  larger 
part  of  the  total  capacitance  of  this  carbon  black  originates  from  its 
internal  surface,  which  considerable  amount  is  inaccessible  to  the 
electrolyte.  External  capacitance  reflects  capacitive  characteristics 
of  a  macro-scale  surface  consisted  of  relatively  large  agglomerates, 
while  internal  capacitance  originates  from  inner  surface  of  micro- 
porous  agglomerates  placed  deeper  in  the  carbon  layer.  Contrary  to 
Black  Pearls  2000®,  low-surface-area  carbon  black  Vulcan®  XC  72 
R  is  of  loose  structure  which  produces  opposite  distribution  of  the 
total  capacitance  to  external  and  internal  one.  In  this  case,  internal 
surface  is  fully  available  for  slow  charging/discharging  processes. 
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